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Abstract 
Parabolic troughs and power towers are state-of-the-art commercial technologies and all of the commercial plants are stand alone. 
For a solar trough power plant, the operating temperature is limited to 400 °C for the stability of oil, which also limits the 
efficiency of the steam cycle accordingly. In this study, the tower collectors were integrated with the solar trough power plant. 
The tower collectors with high concentration ratio generate high-temperature heat at 574 °C, and the trough collectors with a 
relative low concentration ratio generate mid-temperature heat at 390 °C. The mid-temperature heat from trough collectors 
generates saturated steam. The steam is then superheated by the high-temperature heat from the tower collectors. Compared with 
an individual solar trough plant, the temperature of the primary steam is increased from 370 °C in the individual trough plant to 
540 °C, there is a great potential to increase the conversion efficiency from heat to electricity. Based on the simulation results, the 
thermal efficiency of the integrating system can reach 24.7%, higher by 1.7 percentage points compared with that of the 
individual trough power plant. The electricity generation cost of the new system can be decreased by 4% compared with that of 
the individual trough or tower plants. The results obtained in the present study provide a new approach for utilizing solar energy 
more efficiently and more economically. 
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1. Introduction 
With increasing attention given to climate change and environment pollution in relation to fossil fuels, solar 
energy is receiving heightened attention as the largest available carbon-neutral renewable energy source. Various 
types of solar thermal collectors and applications have been developed and applied over the last several decades [1]. 
Among these applications concentrating solar power (CSP) is especially attractive as the potential to produce 
continuous and large-scale electricity. Solar parabolic trough and solar tower power plants are the two commercial 
CSP technologies [2,3].  
Parabolic trough solar technology is one of the most proven large-scale solar power technologies available. Since 
the first commercial project of the solar electric generating system (SEGS) was installed in the California Mojave 
Desert in 1984, several new CSP plants, such as the Nevada Solar One and the Andasol I and II, were built and went 
to operation worldwide [4-6]. A large number of studies focused on developing a new supporting structure to 
reducing investment cost [7], and a new reflector and receiver to enhance optical efficiency [8,9]. The relationship 
among the solar field, power block, and energy storage system was investigated and optimized to improve annual 
efficiency, and reduce the electric cost [10,11]. Synthetic oil has been utilized as a heat transfer fluids (HTF) in most 
parabolic trough plants. Restricted by the stability of oil, the operating temperature is limited to 400 °C, which also 
limits the efficiency of steam cycle accordingly. Direct steam generation (DSG) was proposed and developed to 
generate superheated steam, which implies that a series of oil-water heat exchangers can be eliminated [12]. In the 
first pre-commercial DSG solar power plant, the solar field produces 410 °C/70 bar superheated steam [13]. The 
temperature and pressure should be enhanced further to obtain higher efficiency. Solar molten salt is another 
alternative option to increase the operation temperature to 450-550 °C, thereby increasing the Rankine cycle 
efficiency of the power block to the 40% range [14,15]. However, the high operation temperature will decrease the 
collector efficiency because of the relatively low concentration ratio.  
Solar tower power technology is another commercial technology, having the potential for higher thermal 
efficiency attributable to higher operation temperature. After the Solar One Pilot Plant demonstrated operation of a 
utility-scale power tower plant, numerous power tower plants using water as heat transfer fluid (HTF) were built or 
under construction worldwide [16-18], including the PS10 and PS20 in Spain. The storage of steam requires a large 
volume of tanks because the energy storage density of steam is low, thus necessitating high investment cost. In most 
CSP plants using water as HTF, the primary mode of operation was to couple the receiver with the steam turbine 
directly. Hence, the annual capacity factor of such plants was low. The Solar Two project, a 10 MW power tower 
demonstrated and validated the feasibility to utilize low-cost molten salt as a working fluid and an energy storage 
material, allowing such plants to obtain high annual capacity factors and to dispatch power to peak loads. Several 
studies focused on the performance improvement, including the optimization of the heliostat field [19,20] and the 
enhancement of the Rankine cycle performance [21]. The first commercial molten salt solar tower power with an 
electric capacity of 17 MWe and 15 hours energy storage is in operation. The key problem for tower power plants is 
the significant uncertainty for a large-scale plant, which requires a higher tower, a weightier receiver, and a long 
distance from the heliostat to the receiver. In a solar power tower plant with an electric capacity of 50 MWe, the 
largest distance from the heliostat to the tower reaches 1268 m with a tower height of 120 m [21]. At this distance 
the solar field will suffer from the swing of the heliostats, as well as atmospheric scattering and absorption, all of 
which increase exponentially with distance [23].  
Hence, the present study aims to (1) propose a method to increase the efficiency of tough power plant by 
integrating with tower collectors; (2) investigate the thermodynamic performance of the integrating system; (3) 
identify the economic advantage of the integrating system. 
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Nomenclature 
CSP Concentrated solar power  
SEGS  Solar electric generating system 
DSG Direct steam generation 
HTF Heat transfer fluid 
SAM System advisor model 
SF Solar field 
2. The trough power plant integrating tower collectors 
2.1.  Configuration of the trough power plant integrating tower collectors 
Figure 1 shows the flowchart of the power generation system. The tower collectors adopted a cavity receiver that 
was mounted at the top of a tower. Hundreds to thousands of sun-tracking heliostats were arranged in a sector area 
at the north of the tower to reflect the incident sunlight onto the receiver. The molten salt (60% NaNO3 and 40% 
KNO3) acts as an HTF. During operation, cold molten salt is pumped through the receiver to be heated to 574ºC, and 
is subsequently introduced into a power generation system. The trough field is disposed near the tower to decrease 
the energy loss during the energy transport. The field comprises large single-axis tracking parabolic trough solar 
collectors. The solar field is modular and is comprises several parallel rows of solar collectors aligned on a north-
south horizontal axis. Therminol VP-1 acts as an HTF. This material is also used at the newest SEGS plants for its 
excellent stability. The HTF is heated as it flow through the receiver and is then introduced to the power generation 
system. The hot oil from the trough field initially releases heat in an evaporator and a preheater to generate saturated 
steam at 10MPa. Then, the low-temperature oil returns to the trough field. The hot molten salt enters the superheater 
to heat the saturated steam generated in the oil evaporator to 540 °C. The high-temperature superheated steam is 
introduced to a non-reheated steam turbine for power generation. The cold molten salt returns to the heliostat field. 
The water circles to the preheater after undergoing several processes, namely, compression by a pump, heating by 
the extracted steam from the steam turbine, oxygen removal by a deaerator, compression to a higher pressure, and 
heating to the temperature of feedwater. 
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pump 1
condenser
generatorhot salt
preheater &
evaporator
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superheater steam turbine
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energy
heliostat field
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Fig. 1. Detailed flowchart of the power generation system of the integrating system 
1394   Wei Han et al. /  Energy Procedia  49 ( 2014 )  1391 – 1399 
 
 
2.2. Features of the integrating  CSP system 
The integrating CSP system has two features that should be emphasized during the system integration. The first 
feature is the integration of the tower and trough collectors. The concentration ratio of trough collector is in the 
range of 70 to 100. This condition indicates that the trough collector is suitable for generating mid-temperature heat. 
On the contrary, the solar concentration ratio of the tower collectors can potentially exceed 1000, thus obtaining 
high-temperature heat easily and efficiently. When the tower and trough collectors are integrated, the high-
temperature heat from tower collectors and mid-temperature heat from trough collectors can be utilized in a cascade 
way. The mid-temperature heat generated by the trough collectors is used to preheat the water and generate the 
saturated steam or low superheat steam at 370 ºC. The high-temperature heat generated by the heliostat collectors is 
utilized to superheat the steam to 535 ºC. 
The other feature of the integrating CSP system is the simple power block configuration. Currently the scale of 
the commercial solar concentrated power plants is lower than 50MW, which is very small scale for coal-fired power 
plants. For a typical coal-fired power plant of 50MW capacity, a non-reheated steam turbine with turbine inlet 
temperature at 540 ºC will be used. The solar heat temperature of a trough collector is only 390 ºC, which is much 
lower than that of the conventional steam turbine. Hence, a reheated steam turbine usually was adopted to increase 
the efficiency from solar heat to electricity and reduce the cost of the turbine by reducing the percentage of stages 
requiring satellite. However, such small-scale reheated steam turbine is specially designed and manufactured for 
solar trough power plant. The investment cost is much higher than that of a conventional steam turbine. In the 
integrating plant, the solar heat temperature of tower collector is high enough to satisfy the requirement of a 
conventional steam turbine. Then a conventional non-reheated steam turbine is adopted in the integrating system. 
The efficiency of non-reheated steam turbine with high inlet temperature may be higher than that of the reheated 
steam turbine with low inlet temperature. Compared with the individual solar trough power plant, the steam reheater 
is eliminated in the integrating system, which also makes the control of the power block simple.  
2.3. Description of reference system 
Figure 2 shows the schematic diagram of the 
concentrated solar trough plant. The synthetic oil 
acts as an HTF, and the cold oil is pumped through 
the receiver. At the outlet of the trough field, the 
oil is heated up to 391 ºC. The hot oil is separated 
into two steams. One steam enters a steam 
generator to produce superheated steam. The 
steam subsequently powers a reheated steam 
turbine. The other steam of hot oil is introduced 
into a reheater to heat the steam from the steam 
turbine. The cold oil from the steam generator and 
reheater enters a preheater to heat water before it is 
pumped to trough field. The exhaust steam of 
turbine is condensed in a condenser and then is 
compressed by a pump. After heated by extracted 
steam of turbine, the water enters a deaerator to 
eliminate oxygen. At last the water is pumped continuously and heated before entering the preheater. 
 
Fig. 2. Schematic diagram of the solar trough power plant 
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3. Integrating solar power plant evaluation 
3.1. Simulation of the integrating system 
The performance of the trough and heliostat fields in the repowering systems is investigated using the System 
Advisor Model (SAM), which is provided freely by the National Renewable Energy Laboratory (NREL) [23, 24]. 
SAM can model solar electric technologies, such as photovoltaic solar modules and concentrating solar power 
technologies, which include parabolic troughs, dish/Stirling systems, and solar power towers. SAM has a built-in 
weather file library for locations in the United States on an hourly basis. The performance model is based on the 
TRNSYS software, and the calculation engine performs a time-step-by-time-step simulation of a solar field’s 
performance. The location of the integrating and the reference systems is assumed in Bakersfield, CA USA, where 
the direct Normal radiation is 2157.4 kWh/m2. The latitude and longitude respectively are 35.4° and -119.1°, 
respectively. The elevation is 150m. The wet cooling method of the turbine exhaust steam is assumed during the 
simulation of the integrating and individual plants. The air cooling method may be more suitable for the solar 
concentrated power plant because of water source shortage. When the air cooling method is adopted, the power 
output of the power block will decrease because of the higher turbine outlet pressure. However, it will decrease the 
same portion of power output of the integrating and the individual plants. This means the cooling methods have little 
effects on the comparison results between the two systems.   
In the simulation of the heliostat field performance, the heliostat width and height are the same at 12.2 m, with a 
reflective area of 144.375 m2. The mirror reflectance and soiling is equal to 0.9. The availability and image error of 
the heliostat are 0.99 and 0.002 rad, respectively. The startup energy of a single heliostat is 0.025 kWh and the 
tracking power for a single heliostat is 0.055 kWe. A cavity receiver is adopted. The heliostat field layout is 
obtained from a built-in tool, the Circular Field Optimization Wizard, which can automatically determine the 
optimal number of heliostats for each section. The assumptions are the same for both the hybrid system and the 
individual solar tower power plant. The optimal results show that the optimal tower height is 120 m. The aperture 
width and height of the cavity receiver are 9.06 m and 7.25 m, respectively. The efficiency of the molten salt pump 
is 0.85. The piping loss coefficient is assumed to be 10.2 Wt/m. The temperatures to molten salt at the inlet and 
outlet of the heliostat field in the individual tower plant are 340 and 574 °C, respectively.  
For the trough field, the length of the solar collector assembly (SCA) is 100 m, whereas the collector aperture is 5 
m. The solar collector aperture area is approximately 470.3 m2. The tracking error of the SCA is 0.994, whereas the 
geometric accuracy is 0.98. The mirror reflectance, cleanliness factor, and effect ratio of dust on receiver envelope 
are 0.935, 0.95, and 0.98, respectively. The solar field availability is assumed to be 0.99. The piping heat loss is 
Table 1. Main assumption for evaluation 
Item Value Item Value 
Tower collector Solar collector aperture, m 5 
Tower height, m 120 Solar collector aperture area, m2 470.3 
Aperture width of receiver, m 9.06 Tracking error  0.994 
Aperture height of receiver, m 7.25 Geometric Accuracy 0.98 
Solar field inlet temp. in integrating system, ºC 390 Mirror reflectance 0.935 
Solar field outlet temp., ºC 574 Mirror cleanliness factor  0.95 
Solar field inlet temp. in Ref., ºC 290 Dust on envelope 0.98 
Heliostat width and height, m 12.2 Solar field availability 0.99 
Reflective area of heliostat, m2 144.4 Solar field inlet temp. in integrating, 
ºC 
320.3 
Mirror reflectance and soiling  0.9 Solar field outlet temperature, ºC 391 
Availability of heliostat 0.99 Solar field inlet temp. in Ref., ºC 290 
Image error of heliostat, rad 0.002 Piping heat losses, W/m2 10 
Startup energy of a single heliostat, kWh 0.025 Efficiency of oil pump 0.85 
Tracking power for a single heliostat, kWe 0.055 Tracking power for a SCA, We/m2 0.266 
Efficiency of molten salt pump 0.85 Solar multiple     1.1 
Piping loss coefficient, kWt/m 10.2 Power plant   
Solar multiple 1.1 Turbine inlet temp., ºC 540 
Trough collector Turbine inlet pressure, MPa 10 
Solar collector assembly length, m  100 Condensation pressure, MPa 0.007 
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0.266 W/m2. The oil temperature at the inlet and outlet of the trough field in the individual solar trough plant are 290 
°C and 391 °C, respectively, whereas the number of SCA per loop is 8. In the integrating system, oil is utilized to 
generate saturated steam at 10 MPa. The number of SCAs per loop in the integrating system is 5. 
Aided by the SAM, the hourly and annual performance of the heliostat and trough fields can be determined. 
Based on the amount of heat generated by the solar collectors, the power cycle output can be calculated. A non-
reheated steam turbine is adopted in the integrating system. The steam temperature and pressure at the inlet of the 
steam turbine are 540 °C and 10 MPa, respectively. The design turbine gross output is 50.7 MWe, and the net output 
design is 45.6 MWe. The exhaust steam of the turbine is condensed in an evaporative cooling condenser and the 
condensation pressure is 0.008 MPa. Under this condition, the rated Rankine cycle efficiency can reach 39.1%. In 
the individual trough plant, the inlet temperature and pressure are 370 °C and 10 MPa. The rated Rankine cycle 
efficiency used in the individual trough plant is 37.74% because of the low synthetic oil temperature (391 °C) [25]. 
The simulation of the steam turbine under off-design conditions is not implemented in current simulation. However, 
we assumed that the steam turbines used in the integrating and individual trough power plant have the same 
behavior under off-design conditions. The annual efficiency of the Rankine cycle, both in the integrating system and 
in the reference systems, is assumed to be approximately 96% of the rated efficiency. Although the assumption may 
generate an inaccuracy in the simulation, its effect on the comparison results between the integrating and reference 
systems is minimal. The primary assumptions are reported in Table 1. 
3.2. Evaluation of the integrating system 
Table 2 shows the thermodynamic performance comparison of the integrating system with that of the reference 
systems at design point. The integrating and the reference systems have the same mirror area for the trough and 
heliostat field. When the direct normal incident is 850 W, the net power output of the integrating system (45.6 MW) 
is 49.2% higher than that of the individual trough power plant (30.6 MW). Accordingly, the Solar to power 
efficiency of the integrating system reaches 24.73%, increased by 1.75% compared with the individual trough power 
plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aside from the energy analysis, an exergy analysis is performed for the integrating and reference systems. Table 
3 shows the results. The exergy-to-energy ratio of the global terrestrial solar radiation is approximately 0.9171 under 
the United States standard atmosphere conditional and zero solar zenith angles [25]. The exergy efficiency of the 
integrating system is 27.0%, 1.9 percentage points higher than the efficiency of the individual trough system. 
Table 2. Thermodynamic performance of the repowering and individual trough power plant at design point 
                      System 
Items Integrating system Trough system 
Mirror area of trough, m2 156859 156859 
Mirror area of heliostat, m2 60140 - 
Direct Normal Incident, W 850 850 
Solar to heat efficiency of trough field, % 67.65 67.65 
Solar to heat efficiency of heliostat field, % 77.03 - 
Thermal energy to power block, MW 129.6 90.2 
Rated power cycle efficiency, %, 39.1 37.7 
Gross electric output, MW 50.7 34.0 
Net electric output, MW 45.6 30.6 
Solar to power efficiency, % 24.73 22.98 
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4. Discussion 
4.1. Advantage of integrating trough and tower collectors 
From the experience of coal-fired steam power plant, the Rankine cycle efficiency will be increased with 
increasing steam temperature and steam turbine scale. Despite being the most mature technology, the application of 
trough plant is restricted by the low operating temperature. Although the molten salt as an HFT can improve the 
operation temperature of trough up to 550ºC, the technology is still in developing. By now, little experimental data 
of solar field efficiency under such high operating temperature were reported in the literatures. In addition, the 
efficiency and life span of receiver might be decrease greatly causing by the high operating temperature. The trough 
is suffering from a trade-off between the efficiency from solar to heat and the efficiency from heat to power. On the 
contrary, the tower collector can generate heat over 600 ºC with high efficiency due to the high concentration ratio. 
In the integrating system, a concentrated solar trough plant and a concentrated solar tower plant were integrated. The 
integrating system can provide proper quantity and temperature heat to steam turbine. The high-temperature heat 
used in superheating process can be efficiently provided by the tower collector instead of the trough collector. The 
large amount of mid-temperature heat used in evaporator and preheater can be supplied by the trough collector. 
With the unit solar radiation input, the exergy destruction in solar concentration process (sum of trough and 
heliostats) is decreased by 3.2% compared with that in the individual trough plant as shown in Table 3. The main 
reason is that the efficiency of heliostats field (77.03%) is higher than that of the trough field (67.65%) as shown in 
Table 2.  
Through the integrating of trough and tower collectors, the integrating system adopted a conventional non-
reheated steam turbine with superheating temperature of 540 °C. The reheated steam turbine adopted in the 
individual trough plant operates only at 370 °C. Hence, the rated power block efficiency of the integrating system is 
39.1%, higher by 1.4 percentage points compared with that in the trough plants as shown in Table 2. Table 3 shows 
that the exergy destruction in the power block of the integrating system is 14.7 MW, an increased of 4.7 MW 
compared with that of the reference systems due to the large electricity output. 
4.2. Economic performance analysis 
A simple investigation on the economic performance of the integrating and individual trough system is 
implemented. The current and future costs for parabolic trough and power tower systems in the United States market 
were investigated by Turchi [27]. The estimated investment, operation, and maintenance (O&M) cost data in 2015 
are adopted in the current research, which are listed in Table 4. Since the size of the power capacity considered in 
the paper is not as large as that in the reference paper, it will cause an inaccuracy in the absolute economy 
performance. However, this research is focused on the difference of economic performance between the integrating 
Table 3. Exergy analysis of the repowering and trough system at design point 
Items 
 
Exergy input of solar radiation, MW 
Repowering 
system 
169.2 
100% Trough 
system 
100% 
100 122.3 100 
Net electricity output, MW 45.6 27.0 30.6 25.1 
Electricity consumption of plant 4.6 3.0 3.4 2.8 
Exergy destruction     
    Trough field, MW 75.4 44.6 75.4 61.6 
    Heliostat field, MW 23.6 13.9 - - 
    Oil heat exchangers, MW 3.5 2.1 2.9 2.3 
    Salt heat exchangers, MW 1.3 0.8 - - 
    Power block, MW 14.7 8.7 10.0 8.2 
Exergy efficiency, % 27.0  25.1  
1398   Wei Han et al. /  Energy Procedia  49 ( 2014 )  1391 – 1399 
 
 
plant and the individual trough plant. The difference can identify the advantage or disadvantage of the integrating 
system.  
The specific investment cost data of trough field, HTF system, heliostat field, and tower & receiver were adopted 
in the integrating system. The specific investment cost of power block in the integrating system and the individual 
trough system is 940 $/kWe. The specific O&M cost for the two systems is 65 $/kW-yr. The operation period is 
assumed to be 20 years for both of the systems.  
Table 4 shows the comparison of the economic performance between the integrating and reference systems. The 
annual total cost is calculated as follow: 
 
cost M&O Annual
periodOperation 
plant ofcost  Investmentcost  totalAnnual  . 
 
The annual total cost for the integrating system is 9.7 M$. However the sum annual total cost of the individual 
trough plant is 7.0 M$, which is 27.8% (2.7 M$) lower than that for the integrating system, as shown in Table 4. On 
the contrary, the annual net electricity output of the integrating system is 35.0% (25377.6 MWh) higher than the 
individual trough plant. As a result, the electricity generation cost of the integrating system is 0.1194 $/kWhe, which 
is 3.9% less than that of the individual solar trough power plant. Since the conventional non-reheated steam turbine 
is adopted in the integrating system, the specific investment cost of turbine may be lower than that of the reheated 
steam turbine in the individual trough power plant. In addition the electricity output of the integrating system has a 
potential to decrease. 
5. Conclusion 
In the current study, a integrating trough power plant by integrating tower collectors is proposed. This integrating 
system is expected to achieve an annual thermal efficiency of 24.73%, 1.75 percentage points higher than that of the 
individual trough plant. Compared with the individual trough power plant, the integrating trough and tower 
collectors produce more thermal exergy contained in HTF with the same solar radiation input. In addition, the 
integrating system has a good economic performance, and the electricity generation cost may reduce by3.9% 
compared with the individual trough plants. However, several works should be done in the future, such as the effect 
of energy storage system on the integrating system, more accurate simulation and optimization of the 
Table 4. Economic performance of the repowering system and the trough systems 
                      System 
Items Repowering system Trough system 
Spec. cost of trough field $/m2 295 295 
Spec. cost of HTF system $/m2 90 90 
Spec. cost of heliostat field $/m2 200 - 
Spec. cost of tower & receiver $/kWt 200 - 
Spec. cost of power block $/kWe 940 940 
Spec. cost of O&M , $/kW-yr 65 65 
Operation period /years 20 20 
Area of trough field m2 156859 156859 
Area of heliostat field m2 60140 - 
Investment cost of plant, M$ 127.9 92.4 
Annual O&M cost, M$ 3.3 2.4 
Annual total cost, M$ 9.7 7.0 
Annual net electricity output, MWh 81703.1 56325.5 
Electricity generation cost, $/kWhe 0.119 0.1243 
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thermodynamic performance, and more accurate analysis on the economic performance. The proposed integrating 
system offers a new approach for the efficient and economical generation of solar thermal electricity. 
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